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HIGHLIGHTS 


•  DFT  calculations  reveal  BLSCF  cathode  has  more  phase  stability  than  BSCF  cathode. 

•  La  addition  in  BSCF  cathode  reduces  lattice  distortions  and  the  cation  clustering. 

•  The  impedance  of  BLSCF  was  0.04  Q  cm2  at  973  K  and  maintained  over  800  h. 

•  A  large  tubular  cell  with  a  BLSCF  cathode  exhibited  power  density  of  0.52  W  cm  2. 

•  In  a  tubular  cell,  the  electrochemical  activity  is  maintained  over  950  h. 
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Bao.5Sro.5Coo.8Feo.2O3  (BSCF)-based  perovskite  oxides  have  attracted  much  attention  as  cathode  materials 
with  novel  catalytic  properties  in  intermediate-temperature  solid-oxide  fuel  cells  (IT-SOFCs).  The  phase 
stability  of  these  materials,  however,  is  one  of  the  huge  obstacles  for  the  commercialization  of  IT-SOFCs. 
Here,  we  examine  the  long-term  stability  and  the  electrochemical  properties  of  La-doped  BSCF  (BLSCF)  in 
which  Ba  was  partially  substituted  with  La  to  enhance  the  phase  stability  without  losing  the  catalytic 
activity.  From  symmetric  cell  measurements,  the  initial  electrode  impedance  of  BLSCF  was  found  to  be 
0.04  Q  cm2  in  air  at  973  K;  it  remained  nearly  constant  even  after  800  h,  in  contrast  to  BSCF  without  La 
doping.  It  was  further  demonstrated  that  a  large  tubular  cell  consisting  of  a  BLSCF  cathode  exhibited  a 
high  maximum  power  density  of  0.52  W  cm-2  and  impressive  long-term  stability  at  973  K.  Free-energy 
calculations  using  density  functional  theory  and  XRD  experiments  for  these  cathodes  showed  that  the 
addition  of  La  into  BSCF  cathode  makes  the  cubic  structure  of  the  cathode  stable  and  the  phase  transition 
into  the  hexagonal  phase  is  prohibited.  The  excellent  electrochemical  activity  of  BSCF  based  cathode  is 
maintained  over  950  h  in  a  large  tubular  cell. 

©  2013  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Solid-oxide  fuel  cells  (SOFCs),  which  are  highly  efficient,  fuel- 
flexible  energy  conversion  devices,  have  received  a  considerable 
amount  of  attention  due  to  dwindling  fossil  fuel  reserves.  In  recent 
years,  many  studies  focusing  on  the  commercialization  of  SOFCs 
have  attempted  to  operate  SOFCs  in  the  intermediate  temperature 
range  (700  °C  or  lower)  for  the  purpose  of  enhancing  the  long-term 
stability  and  reducing  costs  [1—5].  One  of  the  main  hurdles  in  the 
development  of  intermediate-temperature  SOFCs  (IT-SOFCs)  with  a 
thin  electrolyte  is  the  large  impedance  for  the  oxygen  reduction 
reaction  at  the  cathode  [1,3,6].  The  problem  of  large  cathodic 
impedance  can  be  solved  by  the  introduction  of  mixed-conducting 
perovskite  oxides  with  high  catalytic  ability,  in  which  ions  and 
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electrons  can  be  conducted  simultaneously  to  extend  the  electro¬ 
chemical  active  sites  [3,5,6]. 

Among  mixed-conducting  oxides,  Bao.5Sro.5Coo.sFeo.2O3  (BSCF) 
has  received  significant  attention  regarding  its  application  as  a 
promising  cathode  material  for  low-temperature  SOFCs  due  to  its 
remarkable  electrochemical  properties  [3,7-9].  BSCF  has  an  ABO3 
type  cubic  perovskite  structure,  where  A-site  cations  consist  of  Ba 
and  Sr,  and  B-site  cations  consist  of  Co  and  Fe,  respectively.  The 
structural  stability  of  BSCF  still  limits  its  practical  use  as  a  BSCF 
cathode  for  IT-SOFC.  Below  900  °C,  BSCF  undergoes  a  phase  tran¬ 
sition  from  a  cubic  to  a  hexagonal  structure  which  has  lower  cat¬ 
alytic  activity  as  compared  to  the  cubic  phase.  Therefore,  the 
performance  of  BSCF-based  cathode  is  degraded  with  time  due  to 
the  formation  of  the  hexagonal  phase,  when  operated  at  a  tem¬ 
perature  below  900  °C  [10-12]. 

According  to  the  literature  dealing  with  the  structural  changes 
of  BSCF  [13-16],  the  phase  transition  is  affected  by  the  lattice 
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distortion  which  is  known  to  be  attributable  to  the  valence  changes 
of  B-site  cations  [10,13,14].  Especially,  Co  likely  brings  about  the 
severe  lattice  distortion  of  BSCF,  due  to  its  short  bond-length  with 
oxygen  and  low  spin  configuration  [10,13,17].  Although  reducing  Co 
contents  enhance  the  stability  of  cubic  phase,  however,  a  high 
content  of  Co  above  0.6  is  still  required  for  low  cathodic  polariza¬ 
tion  resistance  18].  When  the  content  of  Co  decreased  from  0.8  to 
0.6,  the  lattice  parameter,  oxygen  nonstoichiometry  and  free  en¬ 
ergy  were  not  highly  changed  in  the  literature  [13,18],  and  thus  the 
long-term  stability  of  cubic  phase  would  not  be  significantly 
improved  by  the  small  change  of  Co  content. 

The  phase  transition  of  BSCF  is  also  dependent  on  the  doping 
contents  of  the  A-site  cations,  as  the  structural  change  occurs  via 
the  partial  decomposition  into  Ba-rich  and  Sr-rich  phases.  In  BSCF 
cathode,  Ba  plays  an  important  role  in  preventing  the  formation  of 
the  vacancy-ordered  brownmillerite  phase  [17,19].  Increasing  Ba 
content,  however,  results  in  clustering  of  A-site  cations  due  to  the 
small  ionic  size  and  the  preferential  interactions  between  Ba  and  Ba 
ions.  Considering  the  Goldschmidt  tolerance  factor  regarding  the 
lattice  distortion  11,14],  the  partial  substitution  of  Ba  with  a  large 
metal  ion  such  as  La  is  expected  to  cause  the  stabilization  of  the 
cubic  phase  by  suppressing  the  structural  changes,  especially  at  low 
operating  temperature  ranges  below  900  °C.  Some  attempts  have 
been  made  to  add  the  La  into  BSCF  to  enhance  the  cathodic  per¬ 
formance  [20,21].  These  works,  however,  conducted  mainly  the 
electrochemical  kinetics  and  were  not  focused  on  the  phase  sta¬ 
bility  when  La  is  doped  to  BSCF. 

The  goal  of  the  present  study  was  theoretically  to  examine  the 
effect  of  La  doping  on  the  phase  transition  of  BSCF  and  experi¬ 
mentally  to  verify  the  long-term  stability  of  a  La-doped  BSCF 
cathode  at  an  operation  temperature  of  700  °C. 

2.  Experiment  and  simulation 

2.1.  Experimental  syntheses  and  characterizations  of 
Bao.5Sro.5Coo.8F60.2O3  (BSCF)  and  Bao.2Lcio.3Sro.5Coo.6Feo.4O3  (BLSCF) 
powders 

BSCF  and  BLSCF  powders  were  synthesized  using  the  Pechini 
method.  In  BLSCF,  only  Ba  was  partially  substituted  with  La,  while 
Sr  kept  a  constant  stoichiometry  of  0.5  for  high  catalytic  activity, 
because  a  high  content  of  Sr  is  required  for  a  high  concentration  of 
oxygen  vacancies  [22,23].  An  aqueous  solution  for  the  Pechini 
method  was  prepared  by  adding  Ba(N03)2  (Sigma  Aldrich,  99.9%), 
La(N03)3-6H20  (Alfa  Aesar,  ACS  99.9%),  Sr(N03)2  (Alfa  Aesar,  ACS 
99.0%),  Co(N03)2  •  9H20  (Alfa  Aesar,  ACS  99.9%),  and  Fe(N03)3  •  9H20 
(Junsei,  ACS  99.9%)  to  distilled  water  in  the  correct  molar  ratios, 
then  mixing  this  with  citric  acid  (99.5%,  Aldrich)  to  produce  a  so¬ 
lution  with  a  citric  acid/metal-ion  ratio  of  1:1.  The  solution  was 
evaporated  at  573  I<  and  the  resulting  powders  were  calcinated  at 
1273  I<  for  4  h. 

The  powders  were  then  ground  with  zirconia  balls  in  ethyl 
alcohol  for  24  h  using  a  planetary  mill  in  order  to  break  up  ag¬ 
glomerates  and  form  nanoparticles. 

To  identify  the  crystal  structures  of  the  powders,  the  resulting 
powders  heated  at  various  temperatures  (700-800  °C)  after  the 
final  calcination  step  were  characterized  using  an  X-ray  diffrac¬ 
tometer  (XRD,  X’pert,  Philips).  The  scanning  speed  was  4°  per 
minute  and  the  step  size  was  0.03°. 

2.2.  Simulation  procedure 

The  first-principle  calculations  were  performed  by  means  of 
density  functional  theory  (DFT)  with  a  plane-wave  basis  set  and 
ultra-soft  pseudopotentials.  The  Perdew— Burke— Ernzehof  (PBE) 


type  of  exchange-correlation  GGA  functional  was  used.  We 
employed  the  Vienna  ab  initio  Simulation  Package  (VASP)  [24].  For 
the  perovskite-type  crystal  structure  of  BSCF,  we  used  2x2x2 
supercells  containing  4  Ba  atoms,  4  Sr  atoms,  6  Co  atoms  and  2  Fe 
atoms  with  24  oxygen  atoms,  which  correspond  to  the  Bao.5Sro.5- 
Coo75Feo.2503  formula  unit.  For  BLSCF  cathode,  2  Ba  atoms  of  BSCF 
supercell  were  substituted  with  La  atoms,  which  correspond  to  the 
Bao.25  Lao.25Sro.5Coo.75Feo.25O3  formula  unit.  The  ratio  between  Co 
and  Fe  atoms  was  not  changed  to  clarify  the  effect  of  La  atoms.  The 
stoichiometry  of  the  BSCF  and  BLSCF  cathodes  used  in  simulations 
was  slightly  different  with  those  in  experiments  due  to  the  limited 
numbers  of  atoms  permitted  in  DFT  calculations.  The  kinetic  energy 
cut-off  of  the  plane-wave  basis  was  set  to  600  eV  and  the  4x4x4 
k-point  mesh  was  created  by  the  Monkhorst-pack  scheme.  Spin- 
polarized  calculations  were  performed  for  the  different  atomic  ar¬ 
rangements  in  the  supercells.  The  lattice  parameters  and  the 
atomic  positions  of  the  supercells  for  the  given  atomic  arrangement 
were  determined  by  DFT  calculations. 

2.3.  Electrochemical  measurements 

Electrode  performance  levels  were  measured  using  symmetric 
cells  as  follows;  cathode-GDC(buffer  layer )-ScSZ( electrolyte )- 
GDC(buffer  layer)-cathode.  These  symmetric  configurations  can  be 
found  commonly  in  pervious  researches  [19,23].  To  fabricate  the 
symmetric  cell,  ScSZ  (Zro.sSco.2O2,  FCM)  powders  were  pressed  into 
a  pellet  and  then  sintered  at  1450  °C  for  5  h  in  air.  In  each  cell,  the 
dense  electrolyte  pellet  was  ~  1.2  mm  thick  and  0.5  cm  in  diameter. 
GDC  (Ceo.9Gdo.1O2,  BET:  11.8  m2  g-1,  FCM,  USA)  paste  was  then 
screen-printed  as  the  buffer  layer  on  both  surfaces  of  the  zirconia 
electrolyte,  followed  by  heating  to  1200  °C  for  2  h  in  air.  The 
cathode  paste,  which  prepared  using  a  three-roll  mill,  was  subse¬ 
quently  coated  onto  the  buffer  layer  surface  using  a  screen-printing 
method  and  then  fired  at  900  °C  for  2  h  in  air.  The  cathode  active 
area  was  0.785  cm2.  Ag  paste  (H4580,  Shoei  Chemical,  Japan)  and 
Ag  wire  were  used  to  form  the  electrical  connections  to  both 
electrodes. 

The  impedance  spectra  were  measured  at  an  open  circuit  in 
galvanostatic  mode  over  a  frequency  range  of  0.1  Hz— 10  kHz  using 
10  mV  of  AC  perturbation  with  a  potentiostat  (Gamry  Instruments, 
USA).  For  the  impedance  measurements,  the  margin  of  error  in  the 
reported  polarization  resistances  is  estimated  to  be  less  than  5% 
based  on  measurements  from  three  cells  for  each  type  of  cathode 
material  (BSCF  and  BLSCF). 

For  the  full  cell  test,  an  anode-supported  tubular  cell  (diameter: 
2.2  cm,  thickness:  0.2  cm)  with  a  large  cathode  area  (34.5  cm2)  was 
prepared.  The  cell  configuration  of  the  tubular  cell  was  cath- 
ode|GDC  (buffer  layer)|ScSZ  (solid  electrolyte )|AFL|  NiO-YSZ, 
where  AFL  denotes  the  anode  functional  layer  and  YSZ  denotes 
yttria-stabilized  zirconia.  For  the  construction  of  the  tubular  cell,  a 
commercial  anode  support  (Khancera,  Korea)  composed  of  NiO  and 
YSZ  was  used.  AFL  slurry  with  submicron-sized  NiO  (Sumitomo, 
Japan)  and  nano-sized  ScSZ  (FCM,  USA)  was  first  coated  onto  the 
surface  of  the  anode  support  using  a  dip-coating  technique  and  was 
then  heated  to  900  °C  for  2  h.  The  electrolyte  slurry  containing  ScSZ 
was  coated  on  top  of  the  AFL  layer  in  the  same  manner,  which  was 
followed  by  co-firing  at  1350  °C  for  5  h.  The  GDC  slurry  as  a  buffer 
layer  was  coated  onto  the  electrolyte  and  fired  at  1200  °C  for  2  h, 
after  which  the  cathode  slurry  was  finally  dip-coated  and  then  fired 
at  900  °C  for  2  h. 

The  current— voltage  characteristics  were  evaluated  and  a  gal¬ 
vanostatic  duration  test  of  the  tubular  cell  was  carried  out  as  a 
function  of  time  at  700  °C  using  an  electronic  loader  (Wonatech, 
Korea).  For  the  fuel  cell  test,  the  fuel  sent  to  the  anode  was  hu¬ 
midified  (3%  H20)  H2  with  a  constant  flow  rate  of  120  ml  min-1. 
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In  order  to  avoid  a  detrimental  reaction  of  the  cathode  material 
with  CO2  or  H20,  the  cathode  was  exposed  to  dry  air  (C02:0.033  vol 
%,  H20  <0.1  vol%)  during  the  long-term  operation. 

3.  Results  and  discussion 

Firstly,  in  order  to  investigate  the  effect  of  the  La  content  on  the 
phase  transition  of  BSCF,  first-principle  supercell  calculations  of 
BSCF  and  La-doped  BSCF  (BLSCF)  perovskites  were  performed. 
Many  DFT  calculation  studies  for  the  BSCF  perovskite  were  per¬ 
formed  for  its  defect  structure,  material  properties  and  diffusion 
mechanism  [13,15,25-29].  Configurations  of  2  x  2  x  2  supercells 
for  cubic  and  hexagonal  structures  were  employed  for  the  calcu¬ 
lations.  The  energies  of  the  supercells  for  the  cubic  phase  and  the 
hexagonal  phase  of  BSCF  are  -261.005  eV  and  -266.403  eV, 
respectively.  The  calculated  energies  for  the  BLSCF  phases 
are  -274.269  eV  and  -276.551  eV  for  the  cubic  and  hexagonal 
phases,  respectively.  The  energy  differences  between  the  cubic  and 
hexagonal  phases  are  5.398  eV  and  2.282  eV  for  the  BSCF  and  BLSCF, 
respectively,  which  can  be  regarded  as  the  driving  force  for  the 
phase  transition. 

The  small  driving  force  for  the  hexagonal  phase  transition  of 
BLSCF  is  due  to  the  addition  of  La  to  BSCF,  which  enhances  the 
stability  of  the  cubic  structure.  The  free  energies  of  the  cubic 
structures  are  highly  dependent  on  the  lattice  distortion,  which 
results  in  a  change  in  the  inter-atomic  distances  between  cobalt 
and  oxygen  atoms.  Indeed,  the  maximum  and  minimum  inter¬ 
atomic  distances  between  Co  and  oxygen  for  cubic  BSCF  were 
determined  to  be  2.349  A  and  1.811  A  respectively,  which  deviated 
by  +19.5%  and  -7.8%  from  the  ideal  inter-atomic  distance  of 
1.965  A.  On  the  other  hand,  deviations  of  approximately  ±1.5%  in 
the  inter-atomic  distance  were  evaluated  in  the  BLSCF  case.  Thus,  it 
is  reasonable  to  conclude  that  the  addition  of  La  to  BSCF  suppresses 
the  Jahn-Teller  distortion  caused  by  the  variation  in  the  atomic 
distance,  leading  to  the  stabilization  of  the  cubic  phase. 

In  order  to  estimate  the  phase  transition  temperature,  the 
entropic  contributions  to  the  free  energies  were  obtained  by 
phonon-mode  calculations  using  the  PFIONOPY  code  [30].  The  free 
energy  differences  between  the  cubic  and  hexagonal  phases  are 
shown  in  Fig.  1  for  BSCF  and  BLSCF  systems,  respectively.  From 
Fig.  1,  it  is  recognized  that  the  transition  temperature  of  BLSCF  is 
lower  than  that  of  BSCF  due  to  the  enhancement  of  the  stability  of 
the  cubic  phase  caused  by  the  suppression  of  the  lattice  distortion. 
To  provide  additional  insight  into  the  phase  stabilization  process 
upon  the  addition  of  La,  we  calculated  the  free  energies  of  BSCF  and 
BLSCF  for  various  atomic  arrangements  in  supercell  structures,  as 
shown  in  Fig.  2.  From  the  first-principles  calculations,  these  en¬ 
ergies  were  found  to  be  highly  dependent  on  the  arrangement  of 
the  A-site  atoms,  whereas  the  energy  differences  in  the  arrange¬ 
ments  of  different  B-site  atoms  are  negligible.  Here,  the  A-site  co¬ 
ordination  number  (CN)  for  Sr— Sr  atoms  is  defined  as  the  average 
number  of  Sr  among  the  nearest  A-site  atoms  with  one  Sr  atom.  A- 
site  CN  for  Sr-Sr  atoms  has  values  of  0,  3,  and  6  for  fully  ordered, 
randomly  distributed  and  fully  clustered  atomic  arrangements, 
respectively.  In  Fig.  2,  it  should  be  noted  that  the  free  energy  of  BSCF 
decreased  with  an  increase  in  the  CN  value,  while  BLSCF  had  the 
lowest  level  of  free  energy  at  a  CN  value  of  2.  These  results  indicate 
that  Sr  in  BSCF  prefers  to  be  surrounded  by  the  same  atoms, 
whereas  Sr  in  BLSCF  tends  to  be  partially  separated.  Based  on  these 
results  regarding  the  free  energy  changes  shown  in  Figs.  1  and  2,  it 
is  suggested  that  the  addition  of  La  plays  an  important  role  in 
inhibiting  the  lattice  distortion  and  the  phase  formations  of  local 
BaCo03  or  SrCo03. 

To  substantiate  the  validity  of  the  theoretical  results  based  upon 
a  first-principles  calculation,  we  experimentally  investigated  the 
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Fig.  1.  Free  energy  differences  between  cubic  and  hexagonal  structures  of  BSCF  and 
BLSCF  as  a  function  of  temperature.  Stable  cubic  structures  corresponding  to  those 
oxides  were  displayed  as  well,  which  shows  that  BSCF  structure  is  more  distorted  in 
comparison  with  BLSCF  structure. 


structures  of  BSCF  and  BLSCF  phases  for  different  heating  temper¬ 
atures.  The  XRD  patterns  of  BSCF  and  BLSCF  bulk  powders  are 
illustrated  in  Fig.  3(A)  and  (B),  respectively.  The  well-known  cubic 
perovskite  structure  was  detected  in  both  samples  when  they  were 
heated  to  1000  °C  for  100  h  in  air.  When  the  BSCF  pellet  was  aged  at 
800  and  700  °C  for  100  h,  however,  a  hexagonal  phase  marked  with 
a  closed  triangle  was  observed  at  27  and  43°.  As  the  heating 
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Fig.  2.  Free  energies  for  cubic  structures  of  (a)  BSCF  and  (b)  BLSCF  as  a  function  of  A- 
site  coordination  number  (A-site  CN)  for  Sr-Sr  atoms.  BSCF  has  lower  free  energy  as 
the  coordination  number  for  Sr-Sr  atoms  increases.  The  free  energy  of  BLSCF  has  a 
lowest  value  at  A-site  CN  =  2,  which  represent  that  BLSCF  prefer  the  randomly 
distributed  cation  configuration. 
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Fig.  3.  XRD  patterns  of  (A)  BSCF  and  (B)  BLSCF  bulk  powders  heated  to  various  tem¬ 
peratures  for  100  h  after  initial  calcination  in  air  at  1000  °C. 


temperature  decreased,  the  intensity  of  the  diffraction  peaks  for  the 
hexagonal  phase  showed  a  corresponding  increase.  It  is  noteworthy 
that  the  hexagonal  phase  was  not  found  in  the  XRD  pattern  of  the 
BLSCF  pellet,  even  after  heating  it  to  700  and  800  °C.  Thus,  the 
BLSCF  is  expected  to  have  a  stable  cubic  phase  at  an  operating 
temperature  of  700  °C.  This  result  confirms  that  La  doping  sup¬ 
presses  the  formation  of  the  hexagonal  phase,  as  suggested  in  the 
theoretical  analyses  based  on  the  free  energy  for  the  perovskite 
structure. 

In  order  to  assess  the  effect  of  a  phase  change  on  the  electrode 
performance,  the  AC  impedances  of  symmetric  cells  were 
measured  over  time  at  700  °C  in  air  for  BSCF  and  BLSCF  electrodes. 
The  ohmic  losses  were  consistent  with  the  electrolyte  thickness 
and  did  not  change  with  time.  The  polarization  impedances  Rp  for 
the  as-prepared  BSCF  and  BLSCF  electrodes  had  comparable  values 
of  0.037  and  0.04  Q  cm2,  respectively.  This  low  impedance  of  the 
BLSCF  electrode  demonstrates  that  the  doping  of  La  has  no  signif¬ 
icant  detrimental  effects  on  the  cathodic  performance  because  it 
enhances  the  electrical  conductivity  [20,21]. 

After  800  h  passed,  however,  the  Rp  value  for  the  BSCF  rose  to 
0.069  Q  cm2,  while  the  electrode  impedance  of  BLSCF  showed  the 
nearly  the  same  value  of  0.04  Q  cm2  regardless  of  the  time,  as 
shown  in  the  Nyquist  plots  of  the  impedance  spectra  in  Fig.  4.  In 
particular,  the  high  frequency  arc  for  the  BSCF  electrode  was 
significantly  larger  in  magnitude  than  this  arc  for  the  BLSCF  elec¬ 
trode,  which  is  associated  with  the  surface  exchange  reaction  as 
affected  by  the  catalytic  properties  of  cathode  materials  [31  ].  The 
increased  impedance  for  the  BSCF  could  be  attributed  to  the  clus¬ 
tering  of  particles.  From  the  image  analysis  of  SEM,  however,  the 
mean  particle  size  was  found  to  have  an  almost  constant  value  of 
about  0.45  pm  even  after  800  h.  The  hexagonal  phase  of  BSCF  has 
poor  catalytic  activity  for  oxygen  reduction  as  compared  to  the 


Real  Impedance  Z  /  Q 

Fig.  4.  Nyquist  plots  of  AC-impedance  data  obtained  from  symmetric  cells  with  BSCF 
and  BLSCF.  The  data  was  collected  at  700  °C  in  air. 


cubic  phase  due  to  its  low  diffusivity  of  oxygen  vacancies.  Keeping 
in  mind  that  the  cubic  phase  of  BSCF  partially  changes  at  700  °C  to 
the  hexagonal  phase  over  time,  the  increase  in  the  electrode 
impedance  after  800  h  may  be  due  to  the  phase  transition  to  the 
hexagonal  phase.  Consequently,  this  implies  that  the  unchanged 
impedance  of  the  BLSCF  electrode  is  attributed  to  the  stabilization 
of  the  cubic  phase  as  induced  by  the  addition  of  La. 

We  also  examined  the  long-term  performance  of  an  anode- 
supported  tubular  fuel  cell  in  which  BLSCF  were  used  as  the  cath¬ 
ode.  A  scanning  electron  microscopy  (SEM)  image  of  this  tubular 
cell  is  shown  in  Fig.  5.  The  SEM  images  indicate  that  the  BLSCF 
forms  a  uniform  coating  over  the  surfaces  of  the  GDC  without 
interfacial  reaction  layers  by  solid-state  reaction.  Fig.  6(A)  plots  the 
voltage-current  polarization  curve  for  this  fuel  cell  at  700  °C  and 
shows  a  high  maximum  power  density  of  0.52  W  cm-2  using  an 
YSZ-based  electrolyte.  Fig.  6(B)  displays  the  operating  power  as  a 
function  of  time  when  the  cell  was  subjected  to  a  constant  current 
of  7.6  A.  It  is  remarkable  that  the  performance  remained  essentially 
unchanged  for  the  950  h  duration  of  the  experiment.  This  result  is 
consistent  with  impedance  results  obtained  for  the  symmetric 
cells.  Taken  together,  the  free  energy  calculations,  the  impedance 
and  V-I  curve  duration  data  demonstrate  that  the  doping  of  La  into 
BSCF  effectively  prevents  a  phase  transition,  which  high  perfor¬ 
mance  and  long-term  stability  are  realized  for  a  fuel  cell  with  BLSCF 
as  the  cathode.  This  result  strongly  implies  that  the  commercial 
application  of  BSCF-based  materials  with  novel  catalytic  properties 
for  SOFCs  or  solid-oxide  electrolysis  (SOE)  electrodes  possibly  is 
attainable  with  an  addition  of  La  to  BSCF  cathode. 


4.  Conclusions 

In  conclusion,  the  results  obtained  in  this  study  theoretically 
and  experimentally  demonstrated  that  the  partial  substitution  of 
Ba  with  La  caused  a  significant  increase  in  the  long-term  stability 
without  the  catalytic  loss  for  oxygen  reduction.  The  addition  of  La 
plays  an  important  role  in  preventing  the  formation  of  hexagonal 
phase  caused  by  cation  clustering,  leading  to  the  markedly  higher 
stability  of  BLSCF  compared  to  BSCF. 
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Fig.  5.  Cross-sectional  SEM  images  of  the  anode-supported  tubular  cell. 
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Fig.  6.  (A)  V-I  polarization  curves  at  700  °C  for  anode-supported  fuel  cells  with  a 
BLSCF  cathode  and  a  Ni-ScSZ  anode,  and  (B)  power  corresponding  to  the  fuel  cell  at  a 
constant  current  of  7.6  A  as  a  function  of  time. 
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